We examine the question of coherent perfect absorption (CPA) of single photons, and more generally, of the quantum fields. We show the CPA of path entangled single photons in a Fabry-Perot interferometer containing an absorptive medium. The frequency of perfect absorption can be controlled by changing the interferometer parameters like the reflectivity and the complex dielectric constant of the material. We exhibit similar results for path entangled photons in micro-ring resonators. For entangled fields like the ones produced by a down converter the CPA aspect is evident in phase sensitive detection schemes such as in measurements of the squeezing spectrum.
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I. INTRODUCTION
The single photons have enabled us to understand many aspects of the fundamentals of quantum physics. For example the availability of the single photon sources enabled the detailed study of the Bohr's complementary principle and the wave particle duality of light [1] [2] [3] [4] [5] [6] [7] [8] . Single photons are also considered to enable different quantum information tasks [9] . For example single photon based quantum memories and single photon routers have been demonstrated [10] . Clearly single photons can be useful in many different applications. In this paper, we examine the possibility of coherent perfect absorption (CPA) of single photons. The CPA was discovered by Wan et. al. [11] who pointed out that at certain frequencies which are determined by the intrinsic properties of the medium, the input light is completely absorbed. This effect arises from the interference of waves travelling to the right and left [12, 13] . Many systems have been shown to exhibit the CPA -these include metamaterials [14] , metal dielectric composites and metallic gratings [15] , plasmonic nanostructures [16] . Many possible applications [17] of CPA in switches, modulators, and filters have been anticipated and hence a variety of systems have been examined for the existence of CPA. Single photons by themselves are incoherent. However, we can arrange single photons in a path entangled state to produce CPA of single photons.
The single photon can come from a deterministic source or from a heralded source. A deterministic source is one where a single photon emitted on demand from single atoms [18] , quantum dots [19, 20] , and color centers in diamond [2] , whereas a heralded single photon is one of a pair of the entangled photons generated by the nonlinear process of spontaneously parametric down conversion in a nonlinear optical crystal [8, [21] [22] [23] . The detection of one photon of a pair can herald the presence of the other one. We find that under the condition that the medium can exhibit CPA for classical light fields [11, 12, 15] , the single photon can also be fully absorbed by the medium. This is an interference involving single photon which interferes with itself [24] . The incoming photon is in a path entangled state (|1, 0 + e iφ |0, 1 )/ √ 2 involving forward and backward paths. The situation with two or more photons is different as then the picture of interference changes [25] . We present explicit results on the perfect absorption of entangled photons and squeezed radiation fields.
The organization of the paper is as follows: In Sec. II, we recall the main features of the CPA with classical coherent fields. In Sec. III, we present the relation between the output quantum fields to the input quantum fields. The existence of the CPA depends on the nature of the correlations between the incoming quantum fields. In Sec. IV, we demonstrate the CPA of single photons in a path entangled state. In Sec. V, we consider a general class of entangled fields and show the existence of the CPA in certain detection schemes, i.e., in measurements of physical quantities like squeezing. The ain(ω) and bin(ω) are the incident counterpropagating quantum fields, and aout(ω) and bout(ω) are the output fields.
We consider a Febry-Perot interferometer consisting of two partially transmitting mirrors separated by a distance l, as shown in Fig. 1 . A medium with complex refractive index n 1 (ω) is placed inside the Fabry-Perot interferometer. The medium outside the cavity is the air with a refractive index n 0 (ω) = 1. The two fields a in (ω) and b in (ω) are sent into the cavity from both sides of the cavity, respectively. If the two input fields are classical, the output fields a out (ω) and b out (ω) are given by
where r L (ω) and r R (ω) are the reflection coefficients of a in (ω) and b in (ω), respectively, t L (ω) and t R (ω) are the transmission coefficients a in (ω) and b in (ω), respectively, the subscripts L and R stand for the left and right sides of the interferometer, respectively. It has been shown that for a symmetric structure [26] 
1−r 2 e 2ikn 1 (ω)l , where k is the wavevector of light in vacuum with k = 2π/λ (λ is the wavelength of the incident light), r is the amplitude reflection coefficient of light for light incident from vacuum to n 1 (ω) with r = 1−n1(ω) 1+n1(ω) . Note that if the conditions
are satisfied, the output fields disappear
Thus the two incident counterpropagating coherent fields a in (ω) and b in (ω) are fully absorbed by the system. There is no output due to destructive interference between, say, the reflected part of a in and the transmitted part of b in .
III. COHERENT PERFECT ABSORPTION OF QUANTUM FIELDS
Let us now consider the possibility of the coherent perfect absorption of the Bosonic quantum fields a in (ω) and b in (ω). These fields must satisfy the commutation relations
The Eqs.
(1) cannot be used in the quantum theory as the medium inside the Fabry-Perot interferometer is absorptive. The absorption necessitates the use of quantum noise terms in (1) [27, 28] . Thus we need to modify Eqs.
(1) to
. (5) where the additional noise terms f a (ω) and f b (ω) are introduced to make the output fields a out (ω) and b out (ω)
The mean values of f a (ω) and f b (ω) are zeroes. And it is assumed that their normally ordered correlations are zeroes,
We assume that the two input quantum fields have the following nonvanishing correlation functions
where the parameters N u (ω) characterize the quantum fields (u = a, b) and N u (ω) represents the number of photons at the frequency ω in the quantum field. The power spectra of the output fields are defined as
Using Eqs. (5) and (8) and the correlation relation properties of f , we find that the power spectra S aout (ω) and S bout (ω) of the output fields are given by
Thus the input quantum fields a in (ω) and b in (ω) with quantum correlations given by Eq. (8) cannot lead to perfect absorption. In the next section, we show how to modify the correlation functions (8) so as to have perfect absorption of single photons.
IV. COHERENT PERFECT ABSORPTION OF PATH ENTANGLED PHOTONS
As previously mentioned, the key requirement to realize complete absorption of two classical lights incident on the two opposite sides of the interferometer is the coherence between them. However, Dirac has pointed out that the single photons are not coherent and an interference is possible by a single photon interfering with itself [24] . Thus one would think of using an interferometric arrangement as shown in Fig. 2 to achieve perfect absorption of single photons. A quantum field c(ω) in a single photon Fock state is injected in the one input port of a 50:50 beam splitter, and a vacuum field |0 is injected in the other one. Then the output fields of the beam splitter travel through two distinct arms of different length l 1 and l 2 , they become the quantum fields a in (ω) and b in (ω), entering the medium from the left and right sides. The photon entering the medium is in a path entangled state i.e., it is either in the forward path or in backward path. Such path entangled states are considered to be useful in teleportation [29] . If d(ω) denotes the annihilation operator of the mode in the vacuum state |0 , the quantum fields a in (ω) and b in (ω) can be written in terms of the input operators c(ω) and d(ω) as
where c(ω) and d(ω) have the following correlation functions
where N c (ω) is the photon number in the quantum field c(ω). From Eq. (11), one gets
thus the quantum fields a in (ω) and b in (ω) are path entangled. Furthermore, by adjusting the lengths of the two arms so that the length difference l 1 − l 2 satisfies e ik(l1−l2) = i, the correlation functions for a in (ω) and
where a i can be either a in or b in . It is worth noting that the normally ordered auto-correlation functions and the normally ordered cross-correlation functions of the fields a and b are identical. In this case, the power spectra of the output fields S aout (ω) and S bout (ω) defined in Eq. (9) are found to be
These are to be compared with the result (10). The result (15) is obtained as a photon interferes with itself. Since
is satisfied, the power spectra of the output fields S aout (ω) and S bout (ω) vanish
Therefore, the path entangled photons lead to no output due to the quantum destructive interference between them. We have thus shown the occurrence of the CPA of single photons. For the case of the Fabry-Perot cavity containing Si [11] , we show the normalized power spectra 
(Color online) The normalized power spectra Saout(λ)/Nc(λ) (S bout (λ)/Nc(λ)) of the output fields as a function of wavelength λ, for the length of the cavity l = 115.79 µm, the refractive index of the silicon medium is n1 = 3.6 + 0.0008i [11] .
dielectric composites can produce CPA in the visible [15] . As another example of perfect absorption of path entangled photons, let us consider a micro-ring resonator with two input-output waveguide couplers [30] as shown
The coherent perfect absorption of path entangled photons in a micro-ring resonator coupled to two waveguides.
in Fig. 4 . Such systems are being proposed for optical switching and modulator applications [17] . The quantum field a(t) in the optical resonator with frequency ω c satisfieṡ
where κ i is the internal loss rate in the micro-ring resonator, κ is the reactive coupling rate between each waveguide and the resonator, a in and b in are the input quantum fields, and f is the input vacuum noise associated with the internal loss rate κ i , it has zero mean value and nonvanishing correlation function
The Fourier transform of Eq. (18) yields
The fields at the output ports are given by
Using the quantum correlations given by Eq. (14) and Eq. (19), and Eqs. (20)- (21), we find that
The latter (κ i = 2κ) is the critical coupling condition [12] .
V. DETECTION SCHEME DEPENDENT COHERENT PERFECT ABSORPTION OF ENTANGLED FIELDS
So far we considered the question of CPA of single photons. We based our analysis on the interference. For fields more than one photon, a variety of interference effects are possible [28] . For two single photons one coming from each side we would have Hong-Ou-Mandel effect [25] where by the probability of seeing one photon at each output can go to near zero, however one would still have nonzero probability of seeing two photons on either side [31] . Clearly the observed behavior depends on what detection scheme we choose. For entangled fields as for example those produced by the parametric down converter, the quantum mechanical interference effects are best studied by homodyne detection [32] [33] [34] . In particular the squeezing spectrum [35] is a very good signature of the quantum interference. We show that the squeezing spectrum for the output fields exhibits a well defined minimum which can go to below zero at the point where perfect single photon absorption occurs.
The a in (ω) and b in (ω) operators in Fig. 4 describe the two modes of the squeezed vacuum field. We consider the system of Fig. 4 without the dark black part. Let us assume that the squeezed vacuum field has a central frequency ω l . Then writing a j (t) =ã j (t)e −iω l t , the slowly varying partã j has the following nonvanishing correlation functions [36] , (23) where N = sinh 2 r s , M = sinh r s cosh r s , r s is the squeezing parameter and ϕ is the phase of the squeezed vacuum field, and Γ is the linewidth of the squeezed vacuum field. It is noted that the two-photon cross-correlation functions between the quantum fieldsã in (ω) andb in (ω) are nonzero, however, correlations like ã † in (−Ω)b in (ω) are zero. We, therefore, calculate the spectra of the x quadratures of the output fields here, which are defined as
. For the optical mode a and the noise operator f in Eq. (18), we also introduce the slowly moving operators with tildes, a(t) =ã(t)e −iω l t , f (t) =f (t)e −iω l t . Moreover, we assume the central frequency ω l of the squeezed vacuum field is equal to the optical resonance frequency ω c . Then the quantum fieldã(ω) in the resonator is given byã
whereã(ω) andf (ω) are the Fourier transform ofã(t) andf (t), respectively. In this case, the output fields in
Under the condition κ i = 2κ, if we only consider the normally ordered terms in the spectra of the x quadratures of the output fields, we find the result : S axout (ω) :=: S bxout (ω) :=: S xout (ω) :
For the special case ϕ = 0, in the limit of large r s , when ω = 0, Eq. (27) reduces to
The normalized spectrum :
of the output fields as a function of the normalized frequency ω/κ for different values of the squeezing parameter r s is shown in Fig. 5 . One can see that : S xout (ω) : × can be negative, so the squeezing happens in the x quadrature of the output fields, which is the signature of the quantum destructive interference between the quantum fields a in (ω) and b in (ω). Note that : S xout (ω) : × In conclusion, we have shown how to realize the CPA of single photons in a Fabry-Perot interferometer with a lossy medium and a micro-ring resonator with an internal loss. The key is to use the path entangled single photons. This can be achieved by using a single photon on a beam splitter. We also demonstrate that the entangled fields from a two-mode squeezed vacuum field can produce an analog of the CPA in the squeezing characteristics of the output fields. Our work shows how one can realize the filters for quantum fields.
